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I. Introduction
In recent years, the use of high-intensity ul-
trasound has spread in medical field and industri-
al field. In medical field, high intensity focused 
ultrasound therapy1, 2) and Sonoporation are used 
widely. High intensity focused ultrasound therapy 
is a treatment method that irradiates high-intensity 
ultrasound to cauterize the tumor in the prostate 
brain. Sonoporation is a treatment that uses acous-
tic cavitataion to make small holes in cells and in-
fect genes or drugs into the cells. In industrial 
field, ultrasound cleaners and ultrasound dis-
persers are typical examples. These ultrasound 
field fomed by ultrasound used in medical and 
industrial fields is desired to measure by a hy-
drophone.
However, when high-intensity sound field is 
measured using commercially available hydro-
phone, the piezo element and surface electrodes 
are damaged by high sound pressure and acous-
tic cavitation. Therefore, our laboratory has been 
studying a hydrophone that is tough enough not 
be damaged even when the hydrophone is used 
to measure high-intensity ultrasound3–18). Cur-
rently, we have developed the tough hydrophone 
with a cylindrical or conical shaped titanium front 
plate to avoid from the damage by high intensity 
ultrasound and acoustic cavitation that does not 
decreased receiving sensitivity even when the hy-
drophone measure high intensity sound field for 
70 hours.
In this research, we measured the directivity 
of receiving sensitivity of tough hydrophone to 
consider the effect of the shape of the front pleate 
on the performance of the tough hydrophone fre-
quency characteristics of receiving sensitivity of 
tough hydrophone.
II. Tough hydrophones 
Currently, our laboratory develop two types of 
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tough hydrophone with different front plate shapes 
as shown Figure 1. One is tough hydrophone with 
cylindrical front plate (hereinafter referred to as 
cylindrical tough hydrophone.), and the other is 
tough hydrophone with conical front plate (here-
inafter referred to as conical tough hydrophone.). 
Even after a 70 hour durability test in our labora-
tory, the receiving sensitivity of the two types of 
tough hydrophone did not decrease.
Figure 2 shows a block diagram of measure-
ment system for the frequency characteristics of 
receiving sensitivity. A sinusoidal signal with am-
plitude of 300 mV and 30 cycles in burst was ap-
plied to the ultrasound probe for transmission via 
a power amplifier. The ultrasound waves transmit-
ted from the ultrasound probe for wave transmis-
sion were received by the tough hydrophone. The 
output signal from the tough hydrophone was ob-
served on an oscilloscope via a preamplifier. The 
receiving sensitivity was measured from 1 MHz 
to 10 MHz (0.5 MHz step). Comparing the fre-
quency characteristics of the receiving sensitivity 
of commercially available hydrophones with those 
of two types of tough hydrophones, the two types 
of tough hydrophones did not have flat frequency 
characteristics as shown Figure 3.
Figure 4 shows a block diagram of measuring 
system of the directivity for receiving sensitivity 
(a) Structure of cylindrical tough hydrophone
(b) Structure of conical tough hydrophone
Fig. 1 Structure of two types of tough 
hydrophones 
(a) Structure of cylindrical tough hydrophone
(b) Structure of conical tough hydrophone
Fig. 1 Structure of two types of tough hydrophones
(a) The receiving sensitivity of cylindrical tough
hydrophone
(a) The measured frequency characteristics of receiv-
ing sensitivity of cylindrical tough hydrophone
(b) The measured frequency characteristics of 
receiving sensitivity of conical tough hydrophone
Fig. 3 The measured frequency characteristics of 
receiving sensitivity of two types of tough 
hydrophones
– 3 –
(b) The receiving sensitivity of conical tough
hydrophone
Fig. 3 The graphs of receiving sensitivity of two 
types of tough hydrophones 
Fig. 2 Block diagram of the measurement 
system for frequency characteristics of 
receiving sensitivity of tough 
hydrophone 
Fig. 2 Block diagram of the measurement syste  for 
frequency characteristics of receiving sensitivi-
ty of tough hydrophone
Fig. 4 Block diagram of measurement system 
for the directivity of receiving sensitivity 
of two types of tough hydrophones 
Fig. 4 Block diagram of measurement system for the 
directivity of receiving sensitivity of two types 
of tough hydrophones
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of tough hydrophone19, 20). The tough hydrophone 
was fixed to fixing jig, and fixing jig was fixed to 
rotating stage. The tip of the tough hydrophone 
was placed on the central axis of the rotating stage. 
The barst signal with amplitude of 300 mV, 30 
cycles at 5.0 MHz, and applied to the ultrasound 
probe for transmission via a power amplifier. The 
ultrasound waves transmitted from the ultrasound 
probe were received by the tough hydrophone. 
The ultrasound probe for transmission (Harrisonic 
13-0506-R) was in the water immersion type ul-
trasound probe with diameter of piezo element of 
0.375 inch and operation frequency of 5.0 MHz. 
The output signal of the tough hydrophone was 
observed on an oscilloscope via a preamplifier. 
Measurement interval of the directivity was mea-
sured for each 1 degree.
III. Measurement of directivity of re-
ceiving sensitivity19, 20) 
Figure 5 and Figure 6 show the measured di-
rectivity of receiving sensitivity of two types of 
tough hydrophone. The output voltage from the 
tough hydrophone observed on the oscilloscope 
was normalized with the maximum output voltage 
from the tough hydrophone. Also, the receiving 
sensitivity of the cylindrical tough hydrophone is 
-267 dB at 5.0 MHz, and the receiving sensitivi-
ty of the conical tough hydrophone at 5.0 MHz is 
-265 dB at the center angle (0 degree).
In the case of the cylindrical tough hydro-
phone, the receiving sensitivity dropped by -6 
dB from the maximum voltage at -2 degree and 
0 degree. At -4 degree and 2 degree, the receiving 
sensitivity dropped by -10 dB from the maximum 
voltage. The minimum sensitivity was -42 dB at 
-39 degree. In the case of the conical tough hy-
drophone, the receiving sensitivity dropped by -6 
dB from the maximum voltage at -6 degree and 8 
degree. In addition, the decrease in receiving sen-
sitivity was -10 dB even if the voltage deviated 
from the maximum voltage by 10 degrees. The 
minimum sensitivity was -16 dB at 64 degree. 
IV. Conclusions 
The directivity of receiving sensitivity of two 
types of tough hydrophones showed significant 
differences. The directivity of receiving sensitivity 
of cylindrical tough hydrophone is low, and the re-
ceiving sensitivity decreases by -6 dB if it deviates 
from the maximum voltage by 1 degree and by -10 
dB if it deviates by 3 degree. The directivity of 
receiving sensitivity of conical tough hydrophone 
is higher, and the receiving sensitivity decreases 
by -6 dB if it deviates from the maximum voltage 
by about 7 degree. Furthermore, the receiving sen-
sitivity of the conical tough hydrophone dropped 
by only -16 dB, even if deviated significantly from 
Fig. 5 The graph of the directivity of receiving 
sensitivity of cylindrical tough 
hydrophone  
Fig. 5 The measured directivity of receiving sensitivi-
ty of cylindrical tough hydrophone
Fig. 6 The graph of the directivity of receiving 
sensitivity of conical tough hydrophone 
Fig. 6 The measured directivity of receiving sensitivi-
ty of conical tough hydrophone
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the direction showing maximum voltage.
 As mentioned above, the directivity of the re-
ceiving sensitivity of the cylindrical tough hydro-
phone and those of the conical tough hydrophone 
were significantly different. This is considered to 
be related to the shape of front plate of tough hy-
drophones. The tip diameter of front plate of con-
ical tough hydrophone is 1 mm and gradually in-
creases from the tip toward the rear. Therefore, the 
conical tough hydrophone is easier to receive from 
the lateral signal than the cylindrical tough hydro-
phone. As that reason, the directivity of receiving 
sensitivity of two types of tough hydrophones is 
considered to be significantly different.
[References]
1) Matsuzawa R, Shishitani T, Yoshizawa S, et al.; Mon-
itoring of Lesion Induced by High-Intensity Focused 
Ultrasound Using Correlation Method Based on 
Block Matching. Jp. J Appl. Phys. 2012;51:07GF26.
2) Moriyama T., Yoshizawa S. and Umemura S.; Ther-
mal Simulation of Cavitation Enhanced Ultrasonic 
Heating Verified with Tissue Mimicking Gel. Jpn J 
Appl Phys 2012;51:07GF27.
3) Shiiba M, Okada N, Uchida T, et al.; Frequency 
characteristics of receiving sensitivity and waveform 
of an anti-acoustic cavitation hydrophone. Jpn J Appl 
Phys 2014;53:07KE06.
4) Nagaya Okada, Michihisa Shiiba, Takeyoshi Uchi-
da, Masahiro Yoshioka, Tsuneo Kikuchi, Minoru 
Kurosawa and Shinichi Takeuchi; Durability Test 
and Observation on Non-Linear Distortion in Output 
Waveform of Anti-Cavitation Hydrophone in High 
Intensity Ultrasound, IEEE International Ultrasonics 
symposium 2014 (IUS 2014) in Chicago U.S.A.
5) Michihisa Shiiba, Nagaya Okada, Takeyoshi Uchi-
da, Minoru Kurosawa and Shinichi Takeuchi; Fab-
rication and estimation of durability of tough hy-
drophone, 9th TOIN International Symposium on 
Biomedical engineering in Toin University of Yoko-
hama, 8th Nov. 2014.
6) Nagaya OKADA and Shinichi TAKEUCHI; Robust 
Hydrophone with Hydrothermal PZT Thick Film Vi-
brator and Titanium Front Layer Available in High 
Power Ultrasound Field, 2015 Joint ISAF-ISIF-
PFM conference (IEEE International Symposium 
on Application of Ferroelectric (ISAF) Internation-
al Symposium on integrated Functionalities (ISIF), 
Piezoresponse Force Microscopy Workshop (PFM) 
in Singapore in May 2015 (2015.5.24–27).
7) Michihisa Shiiba, Nagaya Okada, Minoru Kurosawa 
and Shinichi Takeuchi; Development of anticavita-
tion hydrophone with hydrothermal PZT film -Esti-
mation of durability, IEEE International Ultrasonics 
Symposium 2015 (IEEE IUS 2015), 2015.10.21–24 
(Taipei International Convention Center, TAIPEI, 
ROC).
8) Nagaya Okada, Michihisa Shiiba, Minoru Kurosawa 
and Shinichi Takeuchi; Influence of Tough Hydro-
phone Shapes with Titanium Front Plate and Hydro-
thermal PZT Thick Film on Distribution of Acoustic 
Bubbles around Focal Point of HIFU Transducer, 
IEEE International Ultrasonics Symposium 2015 
(IEEE IUS2015), 2015. 10. 21–24 (Taipei Interna-
tional Convention Center, TAIPEI, ROC).
9) Michihisa SHIIBA, Nagaya OKADA, Minoru 
KUROSAWA and Shinichi TAKEUCHI; “Estima-
tion of Durability of Tough Hydrophone with Re-ex-
amined Structure”, TOIN International Symposium 
on Biomedical Engineering 2015, Nov. 14, pp.112–
113, 2015–Yokohama.
10) Michihisa Shiiba, Nagaya Okada, Minoru Kurosawa, 
and Shinichi Takeuchi; “Development of anticavita-
tion hydrophone using a titanium front plate: Effect 
of the titanium front plate in high intensity acoustic 
field with generation of acoustic cavitation”, Japa-
nese Journal of Applied Physics 55, 07KE16–1~5 
(2016).
11) Shinichi Takeuchi, Michihisa Shiiba and Nagaya 
Okada; “Anticavitaion hydrophone with hydrother-
mal lead zirconate titanate poly-crystalline film, 
titanium front plate and backing”, 13th Annual Ul-
trasonic Transducer Engineering Conference (UTEC 
The Effect of the Shape of Front Plate of Tough Hydrophone on the Receiving Directivity
159
2016), May 16–17, 2016, Torrance Marriott Redon-
do Beach (Torrance, CA, U.S.A.).
12) Nagaya Okada, Michihisa Shiiba, Minoru K. Kuro-
sawa, Shinichi Takeuchi; “Developing of Tough Hy-
drophone for High Intensity Acoustic Field at Low 
Frequency”, 2016 IEEE International Ultrasonics 
Symposium (IUS), 18 Sep. – 21 Sep. 2016, Conven-
tion Center Vinci (Tours, France).
13) Nagaya Okada, Michihisa Shiiba, Shinichi Takeuchi, 
“Effect of hydrophone on high-intensity acoustic 
fields with generation of acoustic cavitation bub-
bles”, The 37th Symposium on Ultrasonic Electron-
ics (USE 2016), Nov. 16th 2016, Pukyong National 
University (Busan, Korea).
14) M. Shiiba, N. Okada and S. Takeuchi; “Development 
of anti-cavitation hydrophone using a titanium front 
plate: durability test in the high intensity focused ul-
trasound field”, 5th Joint Meeting of the Acoustical 
Society of America and the Acoustical Society of 
Japan, November 28, 2016, Hilton Hawaiian Village 
(Honolulu, Hawaii, U.S.A.).
15) Nagaya Okada and Shinichi Takeuchi; “Effect on 
High-Intensity Fields of a Tough Hydrophone With 
Hydrothermal PZT Thick-Film Vibrator and Tita-
nium Front Layer”, IEEE TRANSACTIONS ON 
ULTRASONICS, FERROELECTRICS, AND FRE-
QUENCY CONTROL.
16) Nagaya Okada, Michihisa Shiiba, Sinobu Yamauchi, 
Toshio Sato and Shinichi Takeuchi; “Relationship be-
tween acoustic cavitation bubble behavior and out-
put signal from tough hydrophone using high-speed 
camera in high-frequency and low-frequency acous-
tic fields”, Jpn. J. Appl. Phys. Vol.57, 7S1, 2018.
17) Fujimaru Kaise, Michihisa Shiiba, Okada Naga-
ya, Takeshi Morishita, Minoru Okada and Shinichi 
Takeuchi; “Development of Novel Tough Hydro-
phone with Sensor Head with Hydrothermally PZT 
Film Deposited on The Back Surface of Titanium 
Conical Front Plate”, Proceedings of IEEE IUS 2019 
in Glasgow, U.K. October, 2019.
18) Fujimaru Kaise, Michihisa Shiiba, Takeshi Morishi-
ta, Nagaya Okada, Minoru Kurosawa and Shinichi 
Takeuchi; “Effect of acoustic cavitation on robust 
hydrophone—Observation of cavitation bubble be-
havior using high-speed video camera—”, JSTU 
2019, December, 2019.
19) Fujimaru kaise, Michihisa Shiiba, Nahaya Oka-
da, Takeshi Morishita, Toshio Sato and Shinichi 
Takeuchi; “Relationship between Front Plate Shape 
of Tough Hydrophone and Directivity of Receiv-
ing Sensitivity”, 2020 Autumn Meeting (Online), 
Acoustic Society of Japan, September, 2020.
20) Fujimaru Kaise, Michihisa Shiiba, Nagaya Okada, 
Takeshi Morishita, Minoru Kurosawa and Shinchi 
Takeuchi; “Consideration on the receiving directiv-
ity od the tough hydrophone”, 15th TOIN Interna-
tional Symposium on Biomedical Engineering 2020 
(Online), Nov. 28, 2020.
